v-The production of collagenase and collagenase inhibitor (TIMP) by various intracranial tumors (25 meningiomas, eight gliomas, seven metastases, four pituitary adenomas, and five others) was studied in shortterm organ culture. While meningiomas produced negligible amounts ofcollagenase, two metastatic carcinomas of bronchial and breast origin produced significant amounts of the enzyme. Cultures of dura from an invasive meningioma and of bone invaded by a meningioma also produced collagenase. In varying amounts, TIMP was detected in culture media from most of the tumors studied; invasive tumors tended to produce less TIMP than noninvasive tumors. The results are discussed in relation to current views on tissue degradation and mechanisms of tumor invasion.
L
OCAL tissue invasion by intracranial tumors such as meningiomas (although they are usually benign) renders their complete excision extremely difficult and often seems to facilitate subsequent recurrences. The mechanisms of tumor invasion are still poorly understood, and probably depend upon the interaction of a number of tumor and host factors. The enzymic breakdown of the extracellular matrix may play an important part in facilitating the initial infiltration of tumor cells. Since collagen comprises the principal structural protein of fibroconnective and osseous tissue, the process of collagenolysis has been the subject of considerable recent interest.
A variety of human tumors of epithelial and nonepithelial origin have been shown to produce collagenase, 1' 8' 10' 22 ' 30' 34-36 and in some cases enzyme levels have been correlated with tumor aggressiveness. TM Most studies of enzyme activity have been performed with either tumor homogenates or culture medium from tumor explants, so that it is not possible to determine whether collagenase is produced by tumor cells or by non-neoplastic stroma or other tumor-associated cells. Some tumor cell lines, however, have been shown to produce collagenase. ~3' 22' 28 ' 29 There is also increasing evidence that tumor cells are capable of stimulating adjacent connective tissue to produce collagenase. 1.2,16,34 Therefore, for some tumors the capacity for invasion of surrounding tissues may be determined by their potential for stimulating collagenase and related metalloproteinases in adjacent non-neoplastic cells. Factors which may be involved in stimulation include prostaglandins, 16 catabolin, 7 or substances similar to monocyte cell factor?
An inhibitor of collagenase has been observed in the culture medium from a variety of cells and tissues. 23 This inhibitor has been purified from rabbit, pig, and human sources and named "TIMP" (tissue inhibitor of metalloproteinases) since it inhibits other metalloproteinases in addition to collagenase. 4'25 Such an inhibitor may be produced either by tumor cells as a protective measure against degradative enzymes or by surrounding non-neoplastic cells as a defense against the tumor, with the balance between enzyme and inhibitor governing the extent of tumor invasion.
In view of the available information, we thought it would be worthwhile to study in detail the production of collagenase and TIMP by explants of meningiomas and other intracranial tumors in relation to their invasiveness. Wherever possible, tumor, dura, and tumor and dura combined were cultured in an attempt to determine mechanisms by which intracranial tumors might invade by means of cell-to-cell interactions.
Clinical Material and Methods

Clinical Material
The tumors studied in detail comprised 25 meningiomas, eight gliomas, seven metastases to the brain from bronchial, breast, or unknown origins, four pituitary adenomas, a medulloblastoma, a lymphocytic lymphoma, an acoustic neuroma, a chondrosarcoma, and a neurofibrosarcoma. In addition, three dorsal meningiomas were studied and also 19 intracranial tumors for which less complete experiments were possible. Usually explants were removed from the invasive margin in overtly invasive tumors and from the outer edge of noninvasive tumors. Invasive meningiomas were defined as those which infiltrated either locally beyond the dura to involve venous sinuses and bone or infiltrated the underlying cerebral tissues. Meningiomas with dural attachment only were classified as noninvasive. Tumors that were not overtly invasive but which extensively involved dura were regarded as borderline. Samples of dura were taken from sites adjacent to but not invaded by tumor. Tumor diagnosis was confirmed by conventional histological methods by the Pathology Department of the University of Leeds.
Culture Techniques
Explants of either tumors (2 cu mm), dura (2 cu mm), or tumor with dura were cultured on stainless steel grids in 3-cm Petri dishes with RPMI 1640 medium* containing glutamine (2 mM), morpholinopropane sulfonic acid (0.026 gm/ml), penicillin (100 IU/ ml), and streptomycin (100 ug/ml), but no serum. The tissue to medium ratio was 1:10, and the cultures were incubated at 370C in 5% CO2 in air. The culture medium was changed either on Days 1, 2, 4, and 7 of culture, or daily. Culture supernatants were frozen and stored at -20~ for subsequent assays. At the end of the culture period, tissues were examined histologically to indicate that explants were viable.
Assays
Collagenase was assayed using carbon-14 (14C)-acetylated rat skin collagen in the reconstituted collagen fibril assay. 26 Incubations were conducted in a final volume of 300 ul containing the sample, Tris/HC1 buffer with a pH of 7.6 (10 ttmol), CaC12 (3 umol), and collagen (100 ug). One unit of collagenase is defined as the amount that digests 1 #g of reconstituted collagen in 1 minute at 350C. 
A. N. Halaka, et al.
was included in all enzyme assays to activate latent collagenase. 27 Collagenase inhibitor was assayed by inclusion into the assay of a known amount (0.04 to 0.06 units) of a crude preparation of rabbit skin collagenase which had been activated by pretreatment with APMA. One unit of inhibitor is defined as the amount producing 50% inhibition of 2 units of collagenase. All incubations were carried out over a 15-to 18-hour period.
Chromatography
Molecular weights were determined by gel filtration at 4"C on an Ultrogel AcA 44z~ column (90 cm x 1.5 cm) which had been calibrated with known protein standards. The column was equilibrated and eluted with a 50-mM Tris/HC1 buffer with a pH of 7.6, containing 1 M NaC1, 5 mM CaCI2, 0.02% w/v sodium azide, and 0.05% w/v Brij 35w at a flow rate of 10 ml/hr.
Radioiodination of Collagen
Rat skin collagen (2.6 mg/ml) was dialyzed against 10 mM sodium borate buffer with a pH of 8.5 containing 200 mM CaC12. Collagen (20 #1) with 0.1-M sodium borate buffer having a pH of 8.5 (5 ul) was added to a tube containing 50 to 100 uCi of dried N-succinimidyl 3-(4-hydroxy, 5-125I-iodophenyl) propionate,[I Bolton and Hunter reagent, 3 and was agitated for 15 minutes at 0~ The collagen was diluted to 0.5 mg/ml, and free iodine was removed by dialysis against 50 mM Tris/ HC1 with a pH of 7.6, containing 200 mM NaC1, 0.02% w/v sodium azide, and 0.05% w/v Brij 35.
Electrophoresis Technique
Medium (either unconcentrated or concentrated about 10-fold with Aquacide*) containing collagenolytic activity was incubated with either 14C-or 125I-labeled collagen and 100-mM Tris/HCl with a pH of 7.6, containing 30 mM CaC12 for 20 to 48 hours at 25~ Collagen breakdown was studied by sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis.t Samples in 0.062-M Tris/HCl with a pH of 6.8 containing 1% w/v SDS, 8% w/v glycerol, 0.05% w/v mercaptoethanol, and 0.002% w/v bromophenol blue dye were heated at 100~ for 4 minutes. Slab gels were run according to the method of Laemmli . The mixtures were incubated for 18 hours at 37*C before the gels were run. Lane 4 contains an equivalent aliquot of collagen that was not incubated before electrophoresis. The collagenase clearly produced 3 clips (Lanes 1 and 2) but the 88 pieces were hard to reproduce from the autoradiograph and are indicated by the a rrows.
were either stained with Coomassie brilliant blue G2504 or autoradiographed when 125I-labeling was employed.
Results
Collagenase Production by Tumors and Dura
Little or no collagenase activity was detectable in culture media from the majority of tumors studied, even when tumors were cultured with either aminophylline (0.I to 1.0 mM) or heparin (50 units/ml), which have been shown to stimulate collagenase production in other systems. 9'24 There were two exceptions, a metastasis from a squamous cell carcinoma of the bronchus and an adenocarcinoma of the breast. Sufficient culture medium was available from the bronchial tumor to demonstrate the characteristic cleavage of Type I collagen by a mammalian-type collagenase into three-fourths and one-fourth fragments (collagen clips).
FIG. 2. Production of collagenase inhibitor (TIMP)
at intervals during 7 days in culture by two invasive and two noninvasive intracranial tumors. The culture and assay conditions are described in the text. Black triangles indicate a meningioma of the left sphenoid ridge, invading bone but not brain; white triangles indicate an ependymoma invading the cerebellum; black circles indicate a meningioma attached to the base of the anterior fossa, but with no evidence of invasion; white circles' indicate a left frontal meningioma attached to the olfactory groove, but with no evidence of invasion.
These fragments were readily identified on SDS-polyacrylamide gels using ~25I-labeled collagen as a substrate (Fig. 1) .
Cultured dura from one patient with an invasive meningioma produced high levels of collagenase in the culture supernatant. Invaded bone from another patient with a meningioma and cultured dura from a patient with an anaplastic carcinoma both produced low levels of collagenase. In all three cases, the tumor culture alone produced negligible amounts of enzyme. Characteristic collagen clips could be demonstrated by SDSpolyacrylamide gel electrophoresis with enzyme from all these sources. Other combined tumor and dura cultures, however, did not reveal the presence of collagenase activity in the medium, even when tumors were invasive meningiomas.
T I M P Production by Tumors and Dura
All tumors examined, with the exceptions of a dorsal meningioma and a metastatic adenocarcinoma of the breast, produced varying amounts of TIMP. The pattern of TIMP production over 7 days by noninvasive and invasive tumors is illustrated in Fig. 2. Figure 3 shows the daily production of T I M P by a variety of tumors, averaged over a 7-day period. F r o m the figures it can be seen that, in general, the invasive tumors produce less T I M P that noninvasive tumors. The production of T I M P was destroyed by freezing and thawing t u m o r tissue before culturing, and also by the addition of cycloheximide (50 izg/ml) to the culture medium, indicating its direct synthesis by tumor. The presence of substantial amounts of T I M P was also detected in m e d i u m from cultured dura and c o m b i n e d t u m o r and dura cultures. The molecular weight of T I M P from pooled m e n i n g i o m a culture m e d i u m was approximately 30,000 as determined by gel filtration (Fig. 4) . Similar results were obtained for the inhibitor produced in cultures of dura. Samples of crude m e n i n g i o m a and (2 cu mm) from the capsular, subcapsular, and central regions of the six tumors listed were cultured on stainless steel grids in RPMI 1640 medium as described in Clinical Material and Methods. Culture media were assayed for tissue inhibitor of metalloproteinase (TIMP) as described in the text.
t Mean daily production of TIMP over a 7-day period.
dura TIMP have been shown to cross-react with an antiserum raised in sheep against human amniotic fluid TIMP) 9 These data indicate that these three inhibitors are similar, and may perhaps even be identical. In order to determine whether there is a regional difference in TIMP production by tumors, three different regions (capsular, subcapsular, and central regions) of six tumors were cultured separately, and the details of these studies are shown in Table 1 . Although all regions of the tumors cultured produced inhibitor, in three of the six tumors the capsular region produced most inhibitor and in four of the six tumors the central region produced least.
Discussion
Although meningiomas occur in invasive forms as well as the more common benign forms, and the majority of the other intracranial tumors studied were invasive, rarely were significant levels of collagenase detected in culture medium from these tumors. The production of collagenase by two metastases, one from a squamous cell carcinoma of the bronchus, the other from an adenocarcinoma of the breast, may be related to their heightened aggressiveness compared with the other tumors studied.l'34 Collagenase activity has been noted previously in homogenates of a squamous cell carcinoma of the skin ~~ and in culture media from breast tumor cell linesfl 2 ' 28 In three patients with invasive tumors, both associated dura and invaded bone produced collagenase; this observation indicates that in some circumstances tumors may induce the production of collagenolytic enzymes by adjacent non-neoplastic tissue. This does not appear to be a common occurrence for intracranial tumors since no other examples were found, even when cultures of combined tumor and dura were performed with extensively invasive tumors, although in dura there are very few cells available for stimulation. Also our experimental design may not have been optimal for studying this point.
The lack of collagenolytic enzymes in media from cultured invasive tumors does not exclude the presence of membrane-associated enzymes on the surface of tumor cells. Jones and DeClerck 11 have recently demonstrated that a human fibrosarcoma cell line, grown in contact with a complex extracellular matrix, is capable of degrading collagen. Collagenase activity was not detected in the culture medium, and it was essential for tumor cells to be in contact with the matrix for degradation to occur. Immunohistochemical studies are under way to try to localize collagenase and TIMP in tumor and host tissues.
Although the intracranial tumors seldom proauced collagenase, they and cultured dura produced an inhibitor of approximately 30,000 molecular weight. This inhibitor is probably the same as TIMP produced by many normal tissues, particularly connective tissues, 12A8,20,21' 32,33 especially since inhibitors from meningioma and dura cross-react with an antibody to human amniotic fluid TIMP. Production of TIMP may represent a normal biological process evolved by tissues to protect themselves against the induction of excessive matrix degradation.
There was a tendency for production of higher levels of TIMP by noninvasive meningiomas compared with invasive tumors. Noninvasive tumors have a better defined capsule of connective tissue surrounding them than invasive tumors. Because samples were taken from the outer edge of tumors, noninvasive tumor samples may have a higher proportion of connective tissue cells than those from invasive tumors, which may be responsible for increased inhibitor production. A limited study of the regional production of TIMP by tumors indicated that more TIMP was produced by the capsular region, again suggesting more inhibitor production by connective tissue cells. Production of TIMP by connective tissue, which is probably host-derived, may be a host defense mechanism against the tumor. 6 Collagenase activity may be controlled in such situations by inhibitor levels, as has been suggested in connection with arthritis. 17 It has been proposed by Liotta and his co-workers ~5 that the degradation of basement membranes by tumors may be effected by special metalloproteinases. We have previously provided evidence 27 that normal connective tissues can produce a family of metalloproteinases, one of which degrades not only proteoglycans but also Type IV collagen and other matrix components. Because meningiomas produced no collagenase, we did not systematically test culture medium for activity against either Type IV collagen or other matrix components; isolated estimations were negative. It is noteworthy that metalloproteinases that degrade basement membrane components are inhibited by TIMPY ' 31 
